Proliferation and apoptosis are increased in many types of inflammatory diseases. A role for the cyclin kinase inhibitor p27 Kip1 (p27) in limiting proliferation has been shown. In this study, we show that p27 -/mesangial cells and fibroblasts have strikingly elevated rates of apoptosis, not proliferation, when deprived of growth factors. Apoptosis was rescued by restoration of p27 expression. Cyclin A-cyclin-dependent kinase 2 (CDK2) activity, but not cyclin E-CDK2 activity, was increased in serum-starved p27 -/cells, and decreasing CDK2 activity, either pharmacologically (Roscovitine) or by a dominant-negative mutant, inhibited apoptosis. Our results show that a new biological function for the CDK inhibitor p27 is protection of cells from apoptosis by constraining CDK2 activity. These results suggest that CDK inhibitors are necessary for coordinating the cell cycle and cell-death programs so that cell viability is maintained during exit from the cell cycle.
Introduction
The role of cyclin kinase inhibitors such as p27 Kip1 (p27) in the cell cycle has been an area of intense study as it relates to proliferation and differentiation (1) (2) (3) . Most studies suggest that proliferation requires a decrease in p27 levels, which permits cyclin-dependent kinase 2 (CDK2) activity to be generated, allowing the cell to enter the S phase, followed by completion of the cell cycle (4) . Overexpression of p27 inhibits proliferation (5) . Growth factor-induced mesangial cell proliferation in vitro is associated with decreased p27 levels (6) and increased CDK2 activity (7) , and a further reduction in p27 levels with antisense augments this proliferative response (6) . Mesangial cell proliferation in vivo after immune-mediated injury in experimental glomerulonephritis (Thy1 model) is also associated with decreased p27 levels (8) , and proliferation is increased in p27 -/mice with glomerulonephritis compared with nephritic p27 +/+ mice (9) . In contrast, immune-mediated injury to the visceral glomerular epithelial cell (podocyte) is associated with increased p27 levels, which coincide with little if any proliferation (10) . These studies show that one function of p27 is to determine the proliferative threshold in renal and nonrenal cells.
Recently, however, an increased CDK2 activity has also been associated with programmed cell death (apoptosis) (11) (12) (13) (14) (15) . Apoptosis is a physiological form of programmed cell death that is increased in renal and nonrenal diseases and allows an organism to dispose of unwanted or defective cells (16, 17) . In each organ, cell number is determined by a balance of proliferation and apoptosis. Thus, apop-tosis is found primarily in proliferating tissues, and apoptosis may be critical in the resolution phase of inflammatory disease such as glomerulonephritis (18) . Apoptosis can be triggered by a wide variety of stimuli, and multiple pathways exist for the induction of apoptosis.
Although the role of CDK p27 in the proliferative response is established, it is not known what role p27 plays in apoptosis or in determining the fate of cells as they progress through the cell cycle. In this study, we provide novel evidence that activation of CDK2 generated by the absence of p27 allows cells to enter the cell cycle only in the presence of growth factors. In the absence of growth factors, a p27-mediated increase in CDK2 activity leads to apoptosis. Thus, p27, in conjunction with the presence or absence of a complete mitogenic signal, coordinates the final outcome of proliferation or death of the cell.
Proliferation and apoptosis are increased in many types of inflammatory diseases. A role for the cyclin kinase inhibitor p27 Kip1 (p27) in limiting proliferation has been shown. In this study, we show that p27 -/mesangial cells and fibroblasts have strikingly elevated rates of apoptosis, not proliferation, when deprived of growth factors. Apoptosis was rescued by restoration of p27 expression. Cyclin A-cyclindependent kinase 2 (CDK2) activity, but not cyclin E-CDK2 activity, was increased in serum-starved p27 -/cells, and decreasing CDK2 activity, either pharmacologically (Roscovitine) or by a dominant-negative mutant, inhibited apoptosis. Our results show that a new biological function for the CDK inhibitor p27 is protection of cells from apoptosis by constraining CDK2 activity. These results suggest that CDK inhibitors are necessary for coordinating the cell cycle and cell-death programs so that cell viability is maintained during exit from the cell cycle.
for mouse cells; RPMI for rat cells) plus FCS (Summit Biotechnology, Ft. Collins, Colorado, USA; 20% for mouse mesangial cells and 10% for rat mesangial cells and fibroblasts) and allowed to adhere overnight. To induce apoptosis, growth media were removed, cells were washed three times with HBSS, and the medium was replaced with serum-free media (growth media without FCS). In rat mesangial cells and rat fibroblasts, apoptosis was measured (see below) before growth factor withdrawal and at 6, 10, and 20 h after serum starvation. In p27 +/+ and p27 -/mesangial cells and fibroblasts, apoptosis was measured before growth factor withdrawal and 24 h after serum starvation. Apoptosis was also measured at day 5 of serum starvation by simple visual inspection.
In separate experiments, apoptosis was measured in transfected rat mesangial cells and p27 -/and p27 +/+ mesangial cells grown for 24 h in growth media with cycloheximide (50 µM; Sigma Chemical Co., St. Louis, Missouri, USA). All experiments were performed a minimum of four times.
Measuring apoptosis and DNA synthesis. Apoptosis was measured by terminal deoxynucleotide transferase-mediated nick end-labeling (TUNEL) staining and staining with hematoxylin and eosin (H&E) and Hoechst 33342(Sigma Biosciences, St. Louis, Missouri, USA). For TUNEL and H&E staining, the medium was carefully removed to collect any detached cells ("floaters"). Adherent cells were scraped off the plate and added to the collected medium, pelleted, resuspended, and fixed in 10% formalin for 3 h. A cell smear was prepared on a glass slide and air dried. TUNEL staining was performed as described previously (18) , and the percentage of TUNEL-positive cells was measured on 200 consecutive cells. Cell morphology was determined by H&E staining. Cells were grown on plastic dishes for Hoechst staining, and at each time point Hoechst was added to the media for 5 min before quantitation. Apoptosis was defined as the presence of nuclear condensation on Hoechst staining. To ensure that apoptosis was independent of proliferation, DNA synthesis was measured at 24 h in growth factor-enriched and -deprived p27 +/+ and p27 -/cells by BrdU staining as reported elsewhere (6) .
Transfection and double-immunostaining. To determine if reconstituting p27 rescued cells from apoptosis, p27 -/mesangial cells and p27 -/fibroblasts were transiently transfected with plasmids containing the human wild-type p27 DNA (0.005 µg/µl). To show specificity for p27 in rescuing cells from apoptosis, control cells were transfected with plasmids containing mutant p27 that is incapable of binding CDK2 or β-galactosidase (concentration of each plasmid was 0.005µg/µl). Plasmids were complexed with Superfect Transfection Reagent (QIA-GEN Inc., Valencia, California, USA). To ensure that p27 expression was reconstituted, Western blot analysis was performed on 20 µg of total protein with an antibody to p27 (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) as reported elsewhere (20) .
Then thirty to fifty percent of p27 -/cells were transfected with the plasmids listed above, as measured by staining for green fluorescent protein (GFP) and β-galactosidase. Thus, to determine if transfection altered apoptosis, p27 -/mesangial cells and p27 -/fibroblasts were cotransfected with GFP plasmid (green nuclei) and double-stained with Hoechst (blue nuclei); the percentage of transfected cells undergoing apoptosis (bright, condensed nuclei) was measured in 200 cells. Similar studies were performed with p27 -/cells cotransfected with GFP and the mutant p27 plasmid that is incapable of binding CDK2. In separate studies, formalin-fixed p27 -/cells were first stained for TUNEL using 3,3′-diaminobenzidine as a chromogen (brown nuclei) and then double-stained with an antibody to human p27 (Santa Cruz Biotechnology Inc.) using a fluorescent detection system (green nuclei); the percentage of transfected cells undergoing apoptosis was measured in 200 cells.
Histone H1 kinase assay and CDK2 inhibition. To measure CDK2 activity, 250 µg of total protein lysates from p27 -/and p27 +/+ cells were immunoprecipitated with antibodies to CDK2, cyclin E and cyclin A (antibodies from Santa Cruz Biotechnology) for 60 min at 4°C (20) . Negative controls included omitting the primary antibody, substituting preimmune rabbit serum for primary antibodies, and peptide absorption; positive controls included recombinant cyclin E-CDK2 and cyclin A-CDK2 (20) . Antibody specificity was also ensured by repeating the studies with antibodies to CDK2, cyclin E, and cyclin A from a different source (laboratory of J.M. Roberts). CDK2 activity was quantitated by measuring 32 P incorporation of individual bands cut out from the gel in a scintillation counter as described previ-
Figure 1
Quantitation of apoptosis. TUNEL staining was not increased in the presence of growth factors (serum) in p27 -/mesangial cells (a) and p27 -/fibroblasts (b). In contrast, TUNEL staining was increased at 24 h of growth factor deprivation (serum free) in p27 -/cells compared with p27 +/+ cells. *P < 0.001 vs. serum; **P < 0.001 vs. p27 +/+ . TUNEL, deoxynucleotide transferase-mediated nick end-labeling.
Figure 2
Effect of growth factor deprivation on cell confluency. p27 +/+ (a) and p27 -/-(b) mesangial cells were plated at the same density in FCS. Compared with p27 +/+ mesangial cells (c) cell confluency decreased in p27 -/mesangial cells (d) after 5 days of growth factor deprivation.
ously. The background activity was subtracted, as was the activity from a reagent blank. Densitometry was also used to measure CDK2 activity as reported elsewhere.
To ensure that the changes in CDK2 activity were not due to differences in protein levels for CDK2, cyclin E, and cyclin A, Western blot analysis using the antibodies listed earlier was performed.
To determine the role of CDK2 in apoptosis induced by growth factor withdrawal, p27 -/cells were cotransfected with a dominant-negative mutant CDK2 plasmid (dnk2; 0.005 µg/µl) and GFP or control wild-type CDK2 plasmid (wtk2; 0.005 µg/µl) and GFP. Double-immunostaining was performed with Hoechst to determine the percentage of transfected (green) cells undergoing apoptosis (nuclear condensation), and apoptosis was measured in 200 consecutive cells.
Statistics. Statistical analysis was performed using Statview 4.5 software program (Abacus Concepts, Berkeley, California, USA); statistical significance was evaluated using the Student's t test. A modified t test was performed using Bonferroni-Dunn correction.
Results
Proliferation requires the presence of growth factors in p27 -/cells. Bromodeoxyuridine (BrdU) staining, a marker of DNA synthesis, was increased in p27 -/mesangial cells (27 ± 7% vs. 16 ± 5%; P < 0.05) and fibroblasts (25 ± 6% vs. 15 ± 4.8%; P < 0.05) compared with p27 +/+ cells when exposed to FCS for 24 hours. In contrast, BrdU staining was barely detected in p27 -/mesangial cells (3 ± 0.3% vs. 2 ± 0.4%; P > 0.05) and fibroblasts (2.1 ± 0.4% vs. 1.9 ± 0.5%; P > 0.05) deprived of growth factors for 24 hours compared with p27 +/+ cells. In this study (results not shown) and in a previous report (6) , BrdU staining was not detected in rat mesangial cells transfected with p27 antisense in the absence of growth factors (P > 0.05 vs. nontransfected cells; cells transfected with mismatch). Thus, in the absence of growth factors, the loss of p27 was not sufficient to increase DNA synthesis.
Apoptosis is increased in growth factor-deprived p27 -/cells. Mesangial cells and fibroblasts from p27 null (p27 -/-) and p27 wild-type (p27 +/+ ) mice were grown in the pres-ence or absence of serum, a source of growth and survival factors, for 24 hours, and the percentage of apoptotic cells was determined by TUNEL staining. In the presence of serum, there were very few TUNEL-positive cells, and there was no significant effect of p27 deficiency (p27 -/vs. p27 +/+ mesangial cells: 0.6 ± 0.1% vs. 0.8 ± 0.1%, P > 0.05; p27 -/vs. p27 +/+ fibroblasts: 0.5 ± .01 vs. 0.75 ± .09%, P > 0.05) ( Fig. 1) . In contrast, when deprived of growth factors for 24 hours, there was a marked increase in TUNEL staining in p27 -/compared with p27 +/+ mesangial cells (35.2 ± 2% vs. 5.0 ± 0.8%; P < 0.001) and p27 -/compared with p27 +/+ fibroblasts (30 ± 3% vs. 7.0 ± 1.5%; P < 0.001) ( Fig. 1 ). Similar results were obtained when apoptotic cells were scored by other methods, including H&E and Hoechst staining. At later time points, the increased death of p27-deficient cells could be detected by simple visual inspection. Thus, p27 -/and p27 +/+ mesangial cells and fibroblasts were plated at the same confluency, allowed to adhere overnight, and then serum starved for five days. There was a marked decrease in p27 -/mesangial cell confluency compared with p27 +/+ cells (Fig. 2) , and this was associated with an increase in the number of detached cells, or floaters (not shown).
To determine if p27 also protected cells from other forms of apoptosis, p27 +/+ and p27 -/mesangial cells were exposed to the protein synthesis inhibitor cycloheximide for 24 hours. Cycloheximide increased apoptosis in p27 -/mesangial cells compared with control cells (29.2 ± 3.8% vs. 14.19 ± 1.9%, P < 0.05). These results showed that augmented apoptosis in p27-deficient cells may be a generalized phenomenon.
Reconstituting p27 rescues cells from apoptosis. We next determined if p27 -/mesangial cells and p27 -/fibroblasts were protected from apoptosis by transient expression of the p27 protein. Cells transfected with the p27 expression vector were identified by cotransfection with a marker plasmid encoding the GFP plasmid, and apoptosis was induced by serum starvation for 24 hours. In separate experiments, apoptosis was measured in p27 -/-transfected cells by double-immunostaining for the p27 antigen and TUNEL. Apoptosis (GFP + /Hoechst + ) was not detected in 200 p27 -/mesangial cells and p27 -/fibroblasts transfected with the p27 expression vector when scored 24 hours after serum starvation (Fig. 3) . Similar results were obtained using double-staining for p27 and TUNEL (p27 + / TUNEL + ) (not shown).
To test specificity for the transfection studies with p27 wild-type plasmid discussed above, similar studies were performed in p27 -/cells transfected with a p27 mutant plasmid that cannot bind to CDK2. In contrast to p27 wild-type plasmid, transfecting p27 -/cells with plasmids expressing p27 mutant protein that is incapable of binding CDK2 (Fig. 3) , β-galactosidase (not shown) or vector alone (not shown) did not rescue p27 -/cells from apoptosis. Furthermore, the rate of apoptosis was comparable in nontransfected p27 -/cells and p27 -/cells transfected with the p27 mutant plasmid. These results showed that reconstituting p27 reduced apoptosis in p27 -/cells to a level comparable to that of control cells, and also confirmed the specificity of p27 wild-type plasmid in protecting cells from apoptosis.
p27 also protects rat cells from apoptosis. To determine if p27 also protected cells from other species from apoptosis, p27 levels were lowered in rat mesangial cells and rat fibroblasts with antisense oligodeoxynucleotides to p27 (6, 20) and then deprived of growth factors for 6, 10, and 20 hours. Controls included nontransfected cells and cells transfected with mismatch oligonucleotides (Fig. 4) . The exclusion of toluidine blue and the absence of released lactate dehydrogenase showed that transfecting these cells did not alter cell viability (results not shown).
In the presence of serum, apoptosis was not detected in transfected rat mesangial cells and fibroblasts (Fig. 4) . In contrast, apoptosis was significantly increased in serumstarved rat mesangial cells and rat fibroblasts transfected with p27 antisense in comparison to the controls (Fig. 4) . These results showed that p27 levels modulate the degree of apoptosis in cells from different species.
CDK2 activity is increased in growth factor-deprived p27 -/cells. As shown earlier, DNA synthesis as measured by BrdU staining was barely detected in mesangial cells and fibroblasts from p27 -/and p27 +/+ mice after withdrawal of growth factors at 24 hours. However, p27 deficiency did have a measurable effect on regulation of CDK2 by mitogens. Fig. 5 shows that CDK2 kinase activity was increased in p27 -/mesangial cells and p27 -/fibroblasts in the presence of growth factors (serum) compared with p27 +/+ cells. Eighteen hours of serum starvation reduced CDK2 activity to very low levels in p27 +/+ cells. In contrast, CDK2 activity was readily detected in serum-starved p27 -/cells at the same time point (Fig. 5 ). CDK2 activity was not detected when the primary antibody was omitted or when the primary antibody was absorbed with peptide (results not shown). Furthermore, the increase in CDK2 activity was also shown with a different CDK2 antibody from a different source. In contrast to changes in CDK2 activity, the protein levels for CDK2 remained unchanged in p27 -/and p27 +/+ cells in the presence or absence of serum (Fig. 5 ). These results are likely to represent a delay in the downregulation of CDK2 in the absence of p27, rather than differences in CDK2 protein levels.
Uncoordinated CDK2 activity in apoptotic cells. To determine if the unconstrained CDK2 activity in growth factor-deprived p27 -/cells represented cyclin E or cyclin A activation, immunoprecipitation studies were performed with antibodies to these cyclins. Fig. 6 shows that in p27 -/cells the presence of growth factors was associated with an increase in cyclin E-CDK2 activity and cyclin A-CDK2 activity measured by 32 P incorporation and densitometry. However, in p27 -/mesangial cells deprived of growth factors for six hours, there was a 47% decrease in cyclin E activity (Fig. 6) . In contrast, despite the absence of growth factors for six hours, cyclin A-CDK2 activity remained elevated in p27 -/mesangial cells (Fig. 6) .
To determine if the increase in cyclin A-CDK2 activity (but not cyclin E-CDK2 activity) also occurred in growth factor-deprived p27 +/+ mesangial cells, immunoprecipitation studies were performed. There was a 45% decrease in cyclin E activity and a 43% decrease in cyclin A activity after six hours of serum deprivation in p27 +/+ cells compared with cells exposed to growth factors (Fig. 6) . Furthermore, the decrease in cyclin E-CDK2 activity with growth factor deprivation was similar in p27 -/and p27 +/+ mesangial cells. In contrast, there was almost a twofold increase in cyclin A-CDK2 activity in growth factor-deprived p27 -/cells compared with growth factor-deprived p27 +/+ cells.
To determine if the difference in CDK2 kinase activity in p27 -/and p27 +/+ mesangial cells was due to differences in protein levels for CDK2, cyclin E, or cyclin A, Western blot analyses were performed for these proteins. Fig. 5 shows that the protein levels for CDK2 remained constant in p27 -/and p27 +/+ mesangial cells in the presence or absence of growth factors. Furthermore, the protein levels for cyclin E and cyclin A were similar in p27 -/and p27 +/+ cells in the presence of serum, and the levels of these cyclins was similar in p27 -/and p27 +/+ cells deprived of growth factors for six hours (not shown). These findings show that the increase in cyclin A-CDK2 activity in apoptotic p27 -/cells was not due to the levels of specific cyclins and CDK2, but rather due to the absence of p27.
Thus, when compared with absent CDK2 activity in normal cells, CDK2 activity in p27-deficient cells was transiently elevated after mitogen withdrawal, and this was due to cyclin A-CDK2. However, the elevated CDK activity was accompanied not by DNA synthesis (absent BrdU staining), but rather by cell death.
p27 limits apoptosis by restraining CDK2. Our results suggested that CDK2 was the effector for apoptosis in this model and that p27 protected cells from apoptosis by maintaining CDK2 inactive. To test this hypothesis, p27 -/cells were first exposed to the purine analogue Roscovitine, which reduces CDK2 activity (21, 22) . When p27 -/cells were incubated in serum-free media and 12.5 µM Roscov-
Figure 5
CDK2 activity and protein levels. Total cell protein was immunoprecipitated with an antibody to CDK2, and CDK2 activity was detected by H1 kinase assay. CDK2 protein levels were measured by Western blot analysis. In the presence of survival and mitogenic growth factors (FCS), CDK2 activity was increased in p27 -/mesangial cells (a) and p27 -/fibroblasts (c) compared with p27 +/+ cells. CDK2 activity remained elevated at 6 h and 18 h after growth factor deprivation (serum free) in p27 -/cells compared with p27 +/+ cells. The protein levels for CDK2 did not change in p27 -/and p27 +/+ mesangial cells (b) and fibroblasts (d) in the presence or absence of growth factors.
Figure 6
Cyclin E-CDK2 and cyclin A-CDK2 activity in p27 -/and p27 +/+ mesangial cells. Total protein was extracted from p27 -/and p27 +/+ mesangial cells and immunoprecipitated with antibodies to cyclin E (top) and cyclin A (middle) for histone H1 kinase. Quantitation of CDK2 kinase activity is shown (bottom). In the presence of growth factors (serum), there was an increase in cyclin E-CDK2 and cyclin A-CDK2 activity in p27 -/and p27 +/+ cells, which decreased in p27 +/+ cells after 6 h of growth factor deprivation (serum free). In p27 -/mesangial cells, cyclin A-CDK2 activity, but not cyclin E-CDK2 activity, remained increased after growth factor deprivation. itine for 24 hours, apoptosis was reduced compared with cells exposed to serum-free media and dimethyl sulfoxide (3.5 ± 0.9% vs 34 ± 2%; P < 0.001). Second, p27 -/mesangial cells and p27 -/fibroblasts were cotransfected with a dominant-negative mutant CDK2 plasmid (dnk2) and a plasmid expressing GFP, or the control wild-type CDK2 and GFP, and then deprived of growth factors for 24 hours. The percentage of p27 -/cells undergoing apoptosis after serum starvation was not reduced by overexpression of wild-type CDK2 (Fig. 7) or an irrelevant plasmid (β-galactosidase results not shown). In striking contrast, no apoptosis was detected in cells overexpressing kinase inactive CDK2 (0/200 GFP-positive cells) ( Fig. 7) . These results show that inhibiting CDK2, either pharmacologically or by overexpression of a kinase inactive mutant CDK2, significantly suppresses apoptosis in p27 -/cells.
Discussion
In this study, we show that apoptosis, but not proliferation, is increased in mesangial cells and fibroblasts when the levels of the CDK inhibitor p27 are absent or reduced. Reconstituting p27 rescued cells from apoptosis, showing that a novel function of p27 is to modulate apoptosis. The loss of p27 was associated with increased cyclin A-CDK2 activity, but not cyclin E-CDK2 activity, and inhibiting CDK2 protected cells from apoptosis, showing that CDK2 was the death effector in p27 -/cells.
The known biological functions of the CDK inhibitor p27 are closely linked with its protein levels. Thus, it has been described that high p27 levels are required to maintain cells in quiescence (4), to control the restriction point in the cell cycle (20) , and to promote cell-cycle exit in response to antimitogenic cues (23) and differentiation (2) . Thus, proliferation requires that p27 levels be lowered, and lowering p27 levels with antisense augments proliferation induced by mitogenic growth factors (6, 20) .
Thus, the conventional view is that the role for p27 is determining the proliferative threshold to mitogenic growth factors. However, in this study, we show that a loss of p27, in the absence of a complete mitogenic signal, was not sufficient to cause cells to enter the S phase of the cell cycle. Thus, proliferation requires both a loss of p27 and the presence of growth factors.
Previous studies have shown that proliferation and apoptosis are closely linked (18) . The first major finding in this study was that p27 protects mesangial cells and fibroblasts from apoptosis induced by growth factor withdrawal. This occurred independent of proliferation.
Figure 7
Effect of suppressing CDK2 activity on apoptosis in p27 -/fibroblasts in response to serum starvation. (a) p27 -/cells transfected with a dominant-negative mutant CDK2 (dnk2) plasmid were identified by cotransfection with a GFP plasmid (green nuclei). (b) Apoptosis (measured by Hoechst staining) was not detected in dnk2-transfected cells (thick arrow), but was detected in nontransfected cells (thin arrow). (c) p27 -/cells cotransfected with wild-type CDK2 (wtk2) plasmid and GFP were identified as green. (d) wtk2 did not protect p27 -/fibroblasts from apoptosis (arrow). (e) Quantitation of apoptosis. The percentage of apoptotic cells was evaluated in 200 cells. *P < 0.001 vs. nontransfected p27 -/fibroblasts (p27 -/alone) and wtk2-transfected cells. Similar results were obtained in p27 -/mesangial cells.
Figure 8
Proposed schema showing coordination of cell-cycle events by the CDK inhibitor p27. When grown in the presence of growth factors, reduced or absent p27 levels are associated with a coordinated and synchronous increase in cyclin E-CDK2 and cyclin A-CDK2 activity. This favors cellcycle progression and proliferation. Under stress states such as growth factor deprivation, the loss of p27 is associated with an unconstrained increase in cyclin A-CDK2 activity, but not cyclin E-CDK2 activity. This unscheduled increase in CDK2 activity causes cell-cycle exit by apoptosis.
In the presence of growth factors, apoptosis was barely detected in normal and p27 -/cells. In contrast, apoptosis was markedly increased in growth factor-deprived p27 -/cells compared with normal cells. Furthermore, the onset of apoptosis induced by serum starvation occurred earlier in cells with absent or reduced p27 levels compared with normal cells. Moreover, reconstituting p27 levels by transient transfection protected p27 -/cells from apoptosis. The specificity for p27 was confirmed by the failure of the mutant p27 plasmid that cannot bind CDK2 to protect against apoptosis. The increase in apoptosis in p27-deficient cells was shown in different cell types and different species in response to two well-described inducers of apoptosis. These results show that a new biological function for p27 is to modulate apoptosis induced by growth factor withdrawal and cycloheximide.
Mesangial cell apoptosis and proliferation are increased in many types of glomerular diseases (24, 25) , and apoptosis is critical for the resolution phase following glomerular injury in immune-mediated glomerulonephritis (18) . The decrease in p27 levels in experimental glomerulonephritis coincides with mesangial cell proliferation and apoptosis (8) . There is also a greater amount of apoptosis and proliferation in p27 -/mice with glomerulonephritis compared with controls (9) . Thus, in this study, we specifically chose growth factor deprivation to induce apoptosis (26) . Our results showed that apoptosis, not proliferation, was increased in growth factor-deprived p27 -/cells compared with normal cells. These results show that when p27 levels are reduced or absent, cells successfully progress through the cell cycle and proliferate in the presence of growth factors. In contrast, as shown in this study, under stress states such as growth factor deprivation, cells with reduced or absent p27 levels exit the cell cycle and undergo an apoptotic or programmed cell death. Furthermore, adding back p27 to p27-deficient (p27 -/-) cells to restore the levels of the CDK inhibitor abrogates the increase in apoptosis. Moreover, transfecting the mutant p27 that cannot bind CDK2 did not protect p27 -/cells from apoptosis, thereby confirming the specificity for p27 in rescuing p27 -/cells from apoptosis. These results show that apoptosis and proliferation are governed independently by the levels of the CDK inhibitor p27.
There is an increasing body of evidence showing that CDK inhibitors safeguard against apoptosis (27) (28) (29) (30) . Within the Cip/Kip family of CDK inhibitors, p21 Cip1,Waf1 and p57 Kip2 have been shown to limit apoptosis (31, 32) . Furthermore, it has also been shown that p21 Cip1,Waf1 and p27 are cleaved during growth factor deprivation-induced apoptosis in endothelial cells (33) . However, this study is the first to provide evidence that the third member (p27) of the Cip/Kip family of CDK inhibitors also protects cells from apoptosis.
One effect of p27 deficiency appears to be a transient uncoupling of CDK downregulation from the receipt of an antiproliferative signal. In some cases, this seems to result in an extra round of cell division (20, 34) . But, as shown here, this may also lead to cell death. The second major finding in this study was that despite the absence of mitogenic growth factors, CDK2 activity remained elevated in p27 -/cells compared with normal cells. The increase in CDK2 activity in growth fac-tor-deprived cells was not due to differences in CDK2 protein levels, which remained unchanged in the presence or absence of growth factors. Moreover, inhibiting CDK2 either pharmacologically or with a dominant-negative mutant protected p27 -/from apoptosis. These results demonstrate that CDK2 was the death effector in this model.
Previous studies have shown that growth factor stimulation leads to a coordinated and synchronous activation of CDK2 in a cell cycle-dependent manner. Thus, CDK2 is activated by cyclin E in late G1 phase (35, 36) and by cyclin A in the S and G2 phases of the cell cycle (37) . In this study, we showed that growth factors were associated with increased cyclin E-and cyclin A-CDK2 activity. In contrast, we also showed that p27 -/cells deprived of growth factors were associated with an uncoordinated or unscheduled activation of CDK2. In serum-starved p27 -/cells, cyclin E-CDK2 activity was decreased, while cyclin A-CDK2 was markedly increased. In contrast, cyclin E-and cyclin A-CDK2 activity was decreased in normal cells deprived of growth factors. The increase in cyclin A-CDK2 activity in growth factor-deprived p27 -/cells was not due to differences in protein levels for CDK2, cyclin E, or cyclin A compared with control cells. These results show that the increase in cyclin A-CDK2 activity was due to differences in the levels of the CDK inhibitor p27.
Thus, in serum-starved p27 -/cells, the increase in cyclin A-CDK2 activity without a preceding and coordinated increase in cyclin E-CDK2 activity may favor cell-cycle exit rather than cell-cycle progression. A role for cyclindependent kinases in apoptosis has been shown (33, 38, 39) . However, here we show that under certain conditions, such as deprivation of growth factors, the inability to constrain CDK2 activity in p27 -/cells is associated with exit from the cell cycle by programmed cell death.
In summary (Fig. 8 ), this study offers a different perspective on the biological function of the cyclin-dependent kinase inhibitor p27 and suggests that under certain conditions p27 is necessary when cells exit the cell cycle to rapidly constrain CDK activity and thereby prevent cell death. Hence, a more complete view of the function of CDK inhibitors is that they are essential to coordinate the cell-cycle and cell-death programs so that cells can remain viable as they enter a nonproliferative state.
